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; ABSTRACT
% ’
': Analysis of three atmospheric phenomena (sguall 1line
3 over the Gulf of Mexico on 9 April 1984, Hurricane Xaaisy ia
ﬂ the Indian Ocean 7-12 April 1984, and the Mauna Loa volcano
- saoke plume, Hawaii 7-12 April 1984) is performed using
ﬁ Landheld-camera photographs from the Space Transportatior
? Systeas (STS) 81-C mission (6-13 April 1984). High resolution
color photographs taken of the earth from the Space Shuttle
5 Challenger vere made available from the National Aeronautics
3 and Space Administration (NASA) through the Space Shuttle
- Earth Observations Project (SSEOP).
i Ccmparison is made to collocated meteorological satel-
% lite images (DMSP, AVHRR and GOES) and conventional meteoro-
i logical data to illustrate the advantages and deficiencies
ﬁ of these new high resclution photographic data. .
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I. INTRODUCTION

of the

a nevw era.

The availability of continuous satellite images
Earth has brougkt the science of meteorclogy to
Since the introducticp of orbital satellite imagery in 1960,
a wealth of

gical fcrecaster and researcher for consideration.

new data Lave been presented to the meteocrolo-

Although not withcut limitations, these weather satel-

lites achieved what was previously impossible: the Zirst

visiltle-image time series of developing storms, precisely

defining horizontal scales of motion. They illustrated the

dynamic interactions cf large-scale weather systems, located

favored areas of genesis ard dissipation and proviced
coverage for the data-sparse oceanic regioans. Today they
continue to be one of the most useful aids to the fore-

caster, aad one of the most important data sources in meteo-~
rological research.

Hewever, there are 1limitations on the usefulness of

meteorological satellite imagery. Spatially and temporally,

satellite coverage of the Barth is qguite inflexible. Areal

coverage is precisely determined and not readily changeable.
As a result, interesting phenomena near or just beyond their
to distortion

boundaries will either be poorly deiined due

or lecst complietely. Wecessarily <cigid time scheilules
produce images that may completely wmiss weather features
with slkort (less than 30 min) 1life cycles. Finally,

circling the Zarth at altitudes up to 49,000 km, the meteo-

foioyical satellite simplv canrot offer the image resolution

. necessar,; for accurate representation of small clould
. eiepents alLd detailed cloud structures of mesoscale and
- synoptic systenms.
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Thus it is within this context that one must judge the
usefulness of high-resolution photography from space. Froa
its earliest beginnings in the Hercufy, Gemini and Apollo
missions, photographic images of the earth from a space
platform have given scientists a perspective unavailable by
any other means; a vitally important perspective that allcws
direct observation of features previously noted only in
laktoratory experimernts. As one example, Chopra and Hubert
(1965) found wake waves in stratus clouds formed in the lee
of islands to ke a guantitative analog to the vortex streets
formed behind a solid cylinder comparable in size tc the
islands. For another, Black (1979) noted the similarity of
classical wave reflection from a boundary to the atmospheric
wave ratterns found in fog on the coast of Nova Scotia.

Manned space flight has introduced an extra dimensior to
obtaining interesting Earth images. Huaan Jjudgement does
avay with predetermined camera angles and rigid time sched-
ules. Human observers can point cameras wherever they wish,
and choose to photcyraph or not at their discretion.
Utiiizing the photographic eguipment on board every space
shuttle fliyht, large-scale eveunts can be capturel with a
wide-anyle lens, and a telephotoyraphic lens can pinroint
smalier~-scale phenozena that would otherwise never be
noticed.

The product itself is sugerior to satellite imagery by
several criteria. The addition of color enhances santle
texturail variations tc provide a three-dimensional effect in
many of the photographs, making it easier to judge shage and
spatial relationships retveen cloul masses.

Stereophotoyraphy can provide important gJuantitative results
in deternmining vertical scales of 1aotion to 4 degree of
accuracy unobtainable with radar or infrared (IR) satellite
imayes. And 1liastly, sharply increased spatial resolution
allows the cameras on board the current space shuttle

12
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mnissions to resolve many detailed events on the order of
tens to hundreds of ameters.

The last of these advantages primarily results from the
difference in orbital altitudes between the manned space
platicra and unmanned satellites. Meteorological satellites
orbit at approximately 850 to 40,000 km above the RBarth,
compared to normal shuttle altitudes of 200 to S00 km.
Consequently, while most satellite images from the
Geostationary Operational Environmental Satellite (GOES)
System, the United States Air Porce Defense Meteorological
Satellite ?Program (DMSP) and the Advanced Very High
Resolution Radiometer (AVERR) instrument on the TIROS~-¥
satellite have a maximum resolution on the order of 1 km
(and many of their products are restricted to features of
several km size), the shuttle cameras on Space
Transportation System (STS) 41-c mission, which produced the
photogragks in this thesis, had as their maximum ground
resolution a fraction under 20 a (see Taktle 1I).. Note that
the figures in this table refer to a near-vertical orienta-
tion of the camera to the Earth's surface.

In the past, photography from space has yielded imrres-
sive results. Ir 1974, ¢the 84 days of the Skylab mission
alone produced a scientific goldmire. In the words of Gerald
P. Carr, Commander of Skylab 4;

I think that we have discovered a new_ _national
resource. With better equipment _and acre sophisticated
training, space observers can_capitalize on their initi-
ative disérimination and judgement to obtain informa-
tion fo better understand ahd Ranaye our environment and
to conduct Zarth science experiments from space. Cur 84
dars in sgace...gewarded us with many spectacular scenes
such as, the luminescent red, Liue an green plankton
blocas in the intertwining ocean currents 0off the coasts
of Arjertina and Wew Zealand aud the variety of shages
and Colors that define agricultural patterns in aany
countries.... We rhotografhically recorcded the eruptiol
of the volcano Sakura-zima in_Japan and the vast extent
of red dust clouds generated from the Sahara....

When one realiZes the vastness of the Earth, the
comrplex interrelaticns of ocears, land and atmosghere
and the abundance cf informzation required to understand
and manage our environment, it is™ obvious that...man

13
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will p1a¥ :n ilgortant role in the datagatherin and
%g;gfpre ation phase of a total space syStea. ?Carr,

A From data gathered in those 84 days, the meteorological .
': gains by themselves were outstanding: stereophotographs were
: used to determine heights and relationships of multilayered
clouds in frontal systeamas (Skillman and Shenk, 1977) ; Karsan
vortex streets were exaained and relationships established
betwveen tiema and crographic influences, stability and
surface wind velocity (Fujita and Tecson, 1977); and clues
for anticipating developing cyclonic systems vere uncovered
: from exarining c¢loud streets and their occurrence in
. conjunction with an unstable environaent and strong low-
level wind flow (Pitts, et al, 1977). In addition, persis-
tent convective overshoot regions and convective vaves wvere
« identified in developing tropical storas. Photographs oI
. mature tropical storms supported a theory postulatinug the

existence of outward-tilted eyewalls (Black, 1977 .
p Cvershootirg convective turrets, internal gravity waves and )
. transverse wave have alli heen identified as part of the
3 small-scale dynamics of tropical storas--all due to the

extremely higk resolution and other uazigue features cf haad-
Leld rLotography fros space.

Zeter G. Black, a pioneer in the use o sjpace photog-
raphy for meteorological analysis, samas it up very well in a
comment on his study of tropicali storas: "yanred srace
flight offers a urigue opportunity to olserve trofical
storms. Tre combination of husan judgement aad arn
Zarth-ortiting platfcrm enables off-track observations of
tropicai storms that could not be accospliskted Ly cther
means. The ability tc resolve small-scale features... ard to
obtain stereopair plotoyrapks is uaparalleled by cther
observational techniyuves." (Black, 1977) Shuttle photograghs
are giving us unique views of coamonplace nmeteorological

e w6 8N,
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phenomena. And, in some cases, they are our only view of
extraordinary events.

The gcal of this thesis will be to use this high-
resolution photography to more accurately interpret the
routine satellite images availalle from the TIROS-N, GOES
and DMSP meteorological orbiting satellites. In the tkree
case studies to follow, I will point out the correctiomns and
refinement of detail that can be made to previous analysis
techniques appiied to satellite imageé, and the value the
use of these products will be to the teaching, forecasting,
and research meteorologist.
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h II. SHUIILE ASIBONAUY PHOTOGRAPHY OPPORIUNITIES
v The aquisition of earth images by photography froa space
J is organized by the Space Shuttle Earth Observations Project
(SSEOE) . It does not have the status or thke mandate of
N other scheduled data-gathering experiments on the space
. shuttle, in that there is no set time of verformance or, for
X that matter, any rigid requirement ior the astronauts to
) comeplete any part of it. The entire project relies on the
- ' cooperation and the entkLusiasm of the crew of the shuttle,
; to take time out from an exhausting schedule whenever
X possible to make photographs of terrestrial features of
¥ interest to scientists on the ground. Still, ¢training ani
- preparation for this undertaking are juite extensive. Basic

- photographic techniyues must be learned, as well as the
difficult art of identifying roteworthy physical features on
- the earth. The 1latter is not as easy as it may sourd.
Shuttle astronauts aust Le able to locate and identify
features on the ground when passing over them in inverted
flight, at high speed and peering through a relatively small
window, sometimes with no reliable indication of which
directior is north or south. Briefings in geology, oceanog-
raphy and meteorology, in addition to reviews of previous
manned-orbital photcgraphy play an imfportant part in
learning the reconnaissance cues vital to good performance
of tkis role.
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N Feal-tine input to the shuttle crew is made by project
scientists to direct the astronaut's attention to current
areas of interest., Features especially sought for photo-

graptic study include hurricanes ard other major storus,
volcanoes, extreme follution esrisodes, <£loods, ice and
fires. After the ccnclusion of the £light, the film is
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processed and catalcged by the National Aeronautics and
Space Adsinistration (NASA).

All of the photcgraphs wused in this thesis wvere a
product of the STS 41-C mission, in which the Space Shuttle
Challenger (0V-099) completed 107 orbits in the time fror
liftoff at 6 April 1984, to landing seven days later on 13
April (see Table I ). Nominal altitude for the first 16
orbits was 125 n mi, after which altitude was increasel to
_i 269 n mi in support of the Solar Max Repair Experiment.
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The photography equipment used on this mission included
two KASA-modified Hasselblad ©00 EL/M 70-mm cameras (Fig.
1), equipped with Zeiss S50-mm Distagon C4.0, 100-mm Plarnar

" C3.5 and 250-mm Soanar C5.6 lenses, and one NASA-modified
N linhof Aero Techmica U5 camera. The observations in this

thesis are limited tc the products of +the 70-mm Hasselblad
& cameras exclusively. Kodak Ektackrome €4 Professional €017
' fila was used. Ground resolution and ground coveraje of

Le e ¥,

these phctographs (for angles near vertical) are presentel
in Talkle I The extreme resolution afforded the astronauts oy
these cameras made tlem uniguely qualified to capture small-
scale {100 to 1000 m) events that had not been seen in such
detail before this tiame.
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Most of the photographs were taken through the overkead
windows (Fig. 2). There are some obvious limitations to
this method of obtaining photographs. First, taking any

Mt

photogragh through a glass surface (i1ike the orbiter's
window) introduces a chance of reflections degrading the
quality of the photograph. The construction of the shuttle's
JE windows make this almecst an inevitability: the three fanes

i

of glass in each of the exterior windows have a total thick-
ness of approximately ten inches. Indeed, in several of the
frames, a clear reflection of the interior of the cockpit is
discernable. Second, although there are several windows

YA YS

available <£or observations, not all viewing angles are
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easily accessible at all times. Third, the space inside the
cockpit is severely limited. Having several pieces of
photography equipaent to store and manipulate in such a
confining syace can «c¢nly add to the workload of tae astro-
naut. Since this program can only be conducted on a "target
of opportunity", "time of opportunity" basis; anything that
makes it easier and less time-consuming for the shuttle's
occupants to btring us these fascinating products should
tecome an item of high priority.

The case studies to follow include a squall 1line, a
hurricane and two active volcanoes. Bach takes advantage of
the shuttle's unique chservational ability to record infor-
mation that could not have Lleen obtained from any ctker
source, and does it in a way to prove the value of the
frogram to the entire meteorological community.

18
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* IIXI. GULT OF MEXICO SQUAL] LINE

A. INTRODUCTION

Cn 9 April 1984 a line of intense thunderstorms formed
along a cold £front traversing the state of Florida and the
rorthern Gulf of MNexico. This line was part of a massive
cyclone that stretched from the Great Lakes to the center of
the Gulf of Mexico. The passage of the squall line through
Florida was accompanied by several tornado sightings and one
instance of severe hail (see Fig. 3) on 9 April alone. On
that dav, the Space Shuttle Challenger (STS 41-C) made three
passes over the Gulf (see Fig. 4), capturing on £film a
detailed study of the structure of this squall line.

There are several limitations on our ability to frogerly
analyze these photographs. On this mission, unlike following
shuttle flights, a system had not bDbeen installed as yet to
record the precise time a particular phkotograph had been
takern. Ever with a knowledge of tle shuttle's route across
the face of the Earth, urless identifying land marks are
found in in the photograph, a precise location cannot be
established for any feature of interest (CLl-3az, et al,
1979; Haul and McCaslin, 1977). ©The time assigned tc eack
photograrh was estimated by comparison to the shuttle's
ground track and gecgranhical area. Deteraining viewing
angle is also somewhat of a challenje in 2any instances.
Unless distinct shadowing is present and solar zenith angle
is krcwn (arother <function of time of day but here a gross
approximation will suffice), even properly identifyiag the
four cardinal directions becomes 1ifficult (Terry, 1975).
And without necessarily accurate timing data, it also
becomes nearly impossible to construct useful stereopairs,
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necessary for quantitative results (Black, 1977) . Since this
missiocn (STS 41-C), equipment has been procured tc ensure
that every negative is imprinted with its exact time of
- exposure. lLacking still is any method of Jdeteramining viewing
o angle relative to a vertical axis from the Earth. This
precludes accurate determination of ground coverage in the
photograph and properly establishing a sense of perspective
- when viewing individual features. Also, many of the figures
- included in tlis thesis are black-and-white copies c¢£f the
- shuttle photography, reduced in size to fit NPS thesis
' format. Some of the fine detail and small-scale phenomena
- " are unfortunately not clearly shown in the black-arnd-white
ot format.

B. SYNOPTIC OVERVIEW

; The synoptic data corresponding to the tiae of the first
photograph illustrate a classic setting for severe thunder-
storm development alcng the Florida Sulf Coast. Fig. 5, a
1200 GMT surface chart for 9 April 1984, <shows that the
surface winds ahead of the front are from the south, forcing

L

a wvarm, moist maritime tropical air mass to converje witk
the ccolier, drier nortahvesterly flow behind thke front.
Scundings from «cpposite sides of the front further
illustrate the synoptic situation. In Fiy. 6, thLe sounding
Zrom Bootlville, Louisiana at 1200 GHAT shows a typical
exaiagple cf the dry, stable continental air mass to the west
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of tle coid front. It aiso provides a sourcs for the mid-
ievel ({around 11,000 f£t) intrusion of dry air seen oa the
Tampa Bay, rlorida sounding ir Fig. 7. This feature adds to
the severe storm potential indicated in the Tampa scunding.
As seen in Tig. 7, Tampa had a nearly saturated laver up
i to 11,000 £t, and alove that a Jry layer ckhkaracterized by
dewpoint depressions 1in excess of 25 deg C. Calculating
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stability indices <£for this sounding gives a value <for the
Shovalter's Index of -4.5, a Best Lifted Index of -6.5, and
a STEAT Index of 448. The tropopause level is 37,000 feet
{215 =ab).

An inversion, marked by wind shear (216 deg at 25 kt
near 19,000 feet tc 252 deqg at 51 kt Jjust above 13,090
ft), and a pronourced temperature and humidity change,

very likely contributed to the potential instability of the
area. It serves to frevent deep convective overturning so
that the air below ltecame progressively warmer and more
moist, while above the inversion conditions tecame drier and
cooler. ©Under these conditions, poterntial instability would
grow until some mechanism removed the inhibitingy inversiormn.

Several Fossible "mechanisms" were present. The
approaching cold front, a fast-moving (20-30 kt), organized
field of vertical motion, would <certainly have been surffi-
cient. 3econdly, the approaching line of thunderstorms ahead
of the cold froat couid have produced enough turbulence to
overccme this relatively weak feature. The next considera-
tion would bLe surface heating provided by local surrise, but
perhaps tkis mechanism should be discountec. Convective
activity in the Gulf, as evidenced by GOZS images for the
Sth, had Leen occurring throuyhout the nigat of 8 April &4,
and regan tu develop into an organized band of severe storms
tetween 7600 and 0800 GMT (mot shown).

0f primary importance for tke trigjering of convective
anl potential instability in this synoptic situation is tiLe
pattern ol intersectiny upper anl lower-level jet streanms
(Shapiro, 1583). Frcm the surface chart (Fig. 5), 5300 ad
(Fij. 8), 390 mb (Fig. 9), 2072 mb (Fig. 10), and 100 abt
(Fig. 11) charts, we see the existence of an upper-level
jet with a southern edge at 23N, and maximum winds centered
at 26N. It crosses a weak surface jet parallel to the front
as 1in Fig. 12a (Shariro, 1983). Vertically, the maxiamun
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winds in the upper jet appear at 200 ab, falling off sharfply
above that level. A gradual decrease in jet intenmsity is
seen at 257 ab and 300 mb, corresponding very well with the
illustration in Fig. 12b (Shapiro, 1983). ]
By this jet configuration, a deep narrow plume of

ascending motion is froduced by the vertical alignament of
the upper and lower circulations. The thermal lapse rate is
substantially destatilized by the differential motion
between the upper and lover fronts, producing a layer of
convective instability. Satellite analysis (see Orkit 47)
shows the sqguall line to follow this synoptic model closely.

C. OBBIT 46

The first photograplk in this series, Fig. 13, was taken
at aprroximately 1208 GMT (0708 local) with a 100-mm lens.
The land mass of FPlorida is barely Jdiscernable behind thke
syuall line in the tcr left corner of the picture. A 1031
GHT GCES image (Figy. 1) is provided for the reader to semnse
the orientation and extent of the line of thunderstorms. The
shuttle is about to cruss the 1line of storms, approaching
from the west on orbit 46 (see Fig. 4).

In the photograrh, individual cells of fair-weather
cupulus are visible in the cold air tehind the front, in
sharp contrast to the relatively disorganized stratus on
Loth sicdes of thke sjuall line, at the btase of the tnunder-
storms. The low-level thunderstorm outfiow is made appareént
by the organization fcurd in this cold-air cumulus. Lines of
small cuiaulus extend perrendicularly from approximately 40
ka Irca the base of the syuall to approximately 64 km. Thev
end in a clear zone that has as its border siuilar lines of
camulus parali=2l to the squall. Here, apparently, the cold
air moving in behind the front is encountering the thunder-
storm outflow, suggesting a secondary line of convergerce
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parallel to the front. It is unclear vhether the sguall line
has formed along the frontal zone or in the wvarm air ahead
of the cold fromnt, creating its own 'pseudo-cold front' by

virtue of intense low-level outflow. Analysts have posi-
tioned the front more than 50 n mi behind the line of storms
(see Figqg. 3), Lut close examination of surface data, ship
reports and buoy data failed to provide enough clues for
precise positioning.

2n unusual feature of this photograph is the apparent
direction of movement of the cirrus deck spreading from the
thunderstoras anvils. It appears to be spreading in two
directions: one, along with the mean upper-level £flcw; and
another, at nearly right angles to it. This is observed on
the left side of tae phLotograpk, near the largest convective
turrets. The mean flow in this case is directly froa west to
east.

This and other features tend to support a particular
concert about severe storms that postulates a slope in their
vertical development. Moist, unstable air is depicted as
feeding the storms along their forward edges, risiny aund
sloping toward tae backs of the storms, away from the direc~
tion of movement (see Pig. 15). The sloping updraft in this
mojel would tend to cause the highest towers to emerge near
the rear edge of the storms. This structure is seen in the
photograph in Fig. 13 (Zipser, 1977; Kropfli and Miller,
1975) .

Pising throuyk the cloud in this marnner, the updraft is
sheltered i{rom direct aixing with d4ry environmental air,
which would diminish its buoyancy. The intruding dry, mid-
level jet is the drawre into tke precipitation shaft groduced
by the sloping updraft, cooling the downdraft by evaroration
anl ccrtributing to its downward velocity. This structure
would also tend to fore a small extension to the anvil not
corresponding to the direction of the mean flow at tlat
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altitude, but resulting froe the horizontal directional
component of the sloping updraft as it meets the tropopause.

Ground resoluticn of approximately 110 @ ir a near
vertical view (see Table I), allows us to pick out indi-
vidual convective turrets in the sguall lire. An obligue sun
angle provides distinct shadows thaé outline the circular,
stepwise intrusion these thunderstoras make into the tropo-
pause. EKnowing the tropopause Leight (1200 GMT sounding and
radar returns from TBW indicate approximately 37,000 ft),
and the scale of tle ground coverage with a 1C0-mam lens
{(93.4 km x 293.4 km for a near vertical view) makes it
possilkle to roughly estimate the heijht of various cloud
layers using cioud shadows to determine vertical depth. 1In
this photograph, the western edge of the stratus has a meas-
ured Leight of apprcximately 8,000 ft. The stratus turns
into stratocumulus near the base of the thunderstcrms and
deepens to an estimated 14,000 ft. Tiue thunderstorm anvils
stretca another 24,000 ft alkove this layer, to a total
cloud heicat of 38,000 £t. This corresponds t> the levels
irdicated in a later GOES enhanced Ik iamage, TFig. 16 (to
te discussed in the next sectiomn, Orbit 47). But thke photo-
graph Las tle potential for <far greater accuracy on small
scales. IR images give approximate layer Leight, Lased orn
tenperature. In the shuttle rhotoyraph, small perturbations
of a cloud deck can be noted, and assiyned a value distinct
froia the main cloud layer. The overshootiny tops seen at
tte rcrthern erd cof the 1line corresprnd to a 1223 38T TBF
ralar report of max tops of 44,000 ft. Froa shadowing they
appear to te approximately 4,000 ft alove the tnp of the
cirrus, for a total teight of 42,000 ft: a close correiatior
to data froo otler souvrces (GGES IR, radar).

At low levels a several-miles-wide band of stratocunulus
is visilkle at the base of the thunderstocus on their westeru

sile. It appears that a meso-high is being formed at the

...........................................................

L AR S G IR AL I R
M e e N T T




TR e T TR T ey .r.mv]

tase of tke storms by the hydrostatic effect of tke cold air

. downdraft, capping this intenseliy convective area withk a
i stable layer extending for perhaps 50 kilometers from the
L squall line. This stable layer would explain some unusual

é pheromena seen in later photogyraphs. Interestinyly, if Fig.
5 showed a true location for the surface front, it would
correspond very closely with the sharp line of the back
edge (westerly side) of that stratus.

L. ORBIT A&7

Atocut one and one half hour 1later (94 min ortital

DRGregey _susssedagag

period), the shuttle passed over the Gulf imn its 47th orbit.

bt

The synortic situation had changed 1little: the Tampa Bay
radar image at 1340 GMT (Fig. 17) and the log entry for 1330
GET show thkat the squall line's movement was still east to

P T

nortieast at 20 to 30 kt, tlhe maximum top to the cupulo-
nimkus within radar range was still 44,000 £t and the
. oriertation of the line was unchargjed. The only difference
appears to be that the entire 1line nad mwmoved closer to
Tanmpa.
iowever, Fig. 18, a 1331 GMT visible light GOES image of
Z ki resolution (at satellite subpoint), shows that the
lire had yained considerable orjanization and depth. It
shows a distinctive wedge shape over the Gulf, and the back
edge of the 1lirne is straigkter and more filied-in. At its
southernmost tip a thin line of convection stretched several
tens of miles to the southwest, pointing out the weakening
irstabilty of the area to the south. This coulé ke seen as a
indication of a weakening front, but the location oI the
trarsition from deep convectior to shallow cumulus ccrre-
sponds very closely with the upper-level jet core noteil
previcusly (located at approximately 26X). In tais image
most of this line <c¢f shallow cumulus appearei as a solid
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streak of white, with a few of the layer cloud elements
appearing separately as brighter white "biobs".

Shadows produced by the early morning sun (0831 local
time) help to give some detail to the west side of the
squall line, but tkis solar angle also serves to "wash out"
some O0f the features in the center and on the east side.
Apart from the generally textured appearance of the clcud
tops, a single large thunderstora top can be picked out
along the kack edge of the sguall line approximately 30 n mi
from the southern tip of the line. From the image itself,
littie othker information can be gained, but comparison with
Tampa's radar report oif 1340 GMT (Fij. 17) shows this area
corresponding to a 44,000 ft tor, 1164 u ai from Tampa at 260
deg. This top overshoots the surroundirj area by approxi-
mately 7,000 £t.

An enharced infrared GOES image (Fig. 16) yields rougaly
the same informatior as the TBW radar. Ve can correlate the
thunderstora top in Pig. 18 to a pure black shaded area in
this entanced IF image. This shading in the '"MB' erhancement
scale indicates a temperature rauge of -53 to -62 deg C.
Peferring to the 1200 64T 9 April 1984 Tampa Bay sounding
in Fig. 7, -62 deg C occurs at a neight of approximately
42,000 ©t, only sligiutly less than tiae radar report. The
surrounding area, ir a dark gray shade, indicates a temgera-
ture rarge of -352 to -58 deg C, or roughly 36,000 to 3%,0CC
£t, whicl matclies c¢lcsely an estimate of +troropause height
of 37,03Z £t made frcm the Tampa Bay souniing. as a result,
the comtining of these ¢tvo images yields a good idea of&
larye-scale structure and the rougk locations and heigats of
its lar;est features.

A good example of the value of pLotoyraphy f£rou space is
the interpretation of the inderntation in the cloud mass weo
see on the eastern side of thke sjuall in this <figure. It
appears just to the couth of the black area signifyinug the
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highest cloud tops. e would normally interpret this as an
area of lover <cloud heigkts, induced by sutsidence
surrounding the massive updrafts in the thunderstorms. EBut

infrared imagery has a shortcoming in this regard: it is
impossitle to tell from this image alone whether the cloud
layer is at a lower altitude, or whether it is a thinm cirrus
deck that the IR sensor simply 1looks through (to a warmer
environment bhelow). Even the visiktle image in Pig. 18 does
not conclusively answver the guestion.

Figs. 19 and 20 are shuttle photographs taken at 1338
GMT with a 100-mm lens. Taken only seconds apart, they oifer
Loth an obligue and a nearly vertical view of tie same
develiopmental stage cf the squall line. A massive convective
turret is visiblie (two hours later tais thunderstorm will
reach ailimost 590,000 f¢t), as are fireiy-d=ataiied wave
patterns in the low-1level clouds. An interesting feature of
Fig. 19 is the pattern ir the low-level clouds found far
ahead of the squall. Cuba is just visible in the top right-
hand corner, and stretching from this island almost to the
squall 1line itself are several sharply-defined «cloud
streets. Tuese imply strong (20 to 30 kt) 1low-level flow
into the line from the south, startiry more than 1C0 n mi
from the thunderstorms: an important contributing factor to
the maintenance of strong convective activity.

This conclusion is supported by the surface reports ani
buoy data shown ir Fig. 5, a 1200 GMAT surface chart of the
southeastern U.S. and Gulf of Mexico. 1In particular, buoy
42303, located at 26.0N, 85.9%, showed winds of 26 kt at 190
deg close to the forward edge of the szuall 1line. Cloud
streets are discernable in the GOES image (Fig. 18), Lut
the degree of guantitative information we can derive freom it
is limited. A number of these cloud formatiorns simply disap-
pear in the GOZS image, and those that can be seen have less
visible lenyth than their counterparts in the photograph.
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The smallest cumulus at both ends fade away because their
relatively small size (less than two kam across) can't be
resolved. 1Analyzing these cloud streets should yield infor-
mation on the directicn and intensity of the low-level flow
ahead of the squall line. The precise information this

photograph gives us may become an important tool in the
hands of meteorologists attempting to forecast the intensity
of Florida sguall lires. .

Fig. 21 was taken on the same orbit as Figs. 19 and 20,
but with a 250-mm lens tkat provides a ground resoluticn of
approximately 43 m. Shuttle crientation is to the west of
the squaii line, and it continued on to pass directly over-
head. In this we can distinctly see thir cirrus on the east
side of the overshooting top, and even have some imrressions
of the lower cloud deck the IR sensor is seeing through the
cirrus. This is not the only demonstrable advantage of the
shuttle photography. Fire wave patterns, invisible in the
GOES rproducts, are ckservable in the stratus and stratocu-
muius that extends outward from the base of the .hunder-
storas. The vaves propagate along the stable layer
apparertly provided ry the meso-high, in ar apgrarerntly
incoherent pattern influerced by interference anid convective
turbulence. _

Gravity waves have been observed in cycloric systeas for
somre time, but their crigin, maintenance and dissipation, as
vell as their interaction with larger scales of motion, are
not well understood. That their occurrences are 1linked to
intense rrecipitaticn events, however, is generally
accepted, as is the necessity for a lower troposgheric
stable layer to serve as a propagation channel, Both of
these factors are present in this case.

At upper levels we can pick out the wind direction by
the cirrus outflow pattern: west-ssutihwest. The same immense
convective turret (as seen in Fiys. 19 and 20) caa Le seen
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breaking through the tropopause in the center of the photo-
graph. It appears as a series of rising plateaus on its
southern side, sloping down dome-shaped on the north. The
extreme detail of this photograph gjJives it a ‘three-
dimensional appearance, enhancing our sense of proportion
when comparing one cloud feature to another. ©None of the
separation of cloud layers, or of the srall-scale (less than
1 km wvavelength) wave patterrs in the stratocumulus are
visitle in the GOES frroducts. Of interest is the deep cleft
in the squail line just to the south of the huge over-
shooting tog. Possibly caused by induced subsiderce around
the deep convection, it is an identifying feature in both
the GOES images and these photographs. An iaportant differ-
ence is that in the rhotograpk cloud detail is visitle even
within the shadows of the cleft. Just visible ir the upper
left-hand corner is another cleft, and a series of ridges
leading upward to ancther overshooting top. Trhis is the to}
identified in radar reports and in the IR GOES image (Fig.
16) as reaching 44,000 ft. The top in the center of the
photogragh is a "mere" 39,000 ft.

There are wave rpatterns letweer these two convective
turrets, propagating along the stable trpopause with a
vavelength of approximately 1 to 2 ka. Without a higher
resoluticn proiuct, even these relatively coarse features
would not be readily apparent on the 2 km resolution GCES3
products.

E. OEBIT 48

On its 48th orbit, at approxirmately 1516 3MT, 9 April
1334, the shuttle again passed close enough to the sguall
line to capture an oblijue view of the storm. Radar returns

indicated that thLe lire of storms was nearly over Tampa 3ay,
and that the maximum recorded cioud top was up to 49,000 ft.
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The location of the largest cell hadl moved closer to Tampa,
tut had retained its fosition in the line (see Fig. 22).

DMS? images, both visible and infra-red, were availatle
to cover this time period. Fig. 23 is a 1521 GMT visible
image of 2.7 km resolution. Higher resolution DMSF images
were not available fcr this area at this tinme. Due to a
higher zenith angle of the sun than in earlier images, nmost
of the cloud top structure has been lost. There is a faint
shadow (visible on the original data, but not on this
smaller-scale reproduction), however, dJdelineating the rosi-
tion of an overshooting convective turret in roughly the
same position as the massive thunderstorm dome showr so
clearly in PFigs. 19, 20 and 21. This is in itself remark-
able lrecause it means this feature has persisted £for aore
than three hours, far beyond the average thurierstora life
of 90 min.

Faint cloud streets are visible across the island of
Cuba, indicating that the stronyg 1low-level flow still

- remains at this time. As in FPig. 18, <4yuantitative inforaa-
R tiorn is lost by the lack of resolution: many of the streets
' are not visible, and those that are visible do not show .

v their full extent. A thin bright line extends southwest from
' the tip of the squall. It indicates shallow convection
- continuing far to the south of the thunierstoras, alony tae
line estaklished by the storms. Tdentifying irdividual
features in this line or in the stratus deck surrounding it
i is impossible. The solitary cloud elements that make up the
iine are too small to be resolved individually ly thais
- imaging systen.

; Fig. 24, the 1521 GMT infrared imaje, confirms that the
; streak is composed of individual cumulus cells, diminishing
i in size to the southwest. Little more can te gained fror
the information it fresents. 1Its coarse resolution causes
the cloud tops of the syuall line to appear as a solid white
mass.

L I O g
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A1l of these features are set in perfect perspective in

Fig. 25, taken on ortit 48 with a 100-m2m lens. This shuttle
photograph was taken at approximately 1516 GUT on 9 April,

nearly simultaneously with the DASP images in Pigs. 23 and

24 . Yet compared to DMSP, which shows only a vague stratus

layer in both siles of a diminishing line of cumulus, Fig.

25 places precisely every cumulus buildup and its relaticn-

- ship to cther cloud formations around it. Only the brightest
tops show in the DNSP products, while every small-scale ]

cunulus on the sides of the squall line, are clear in the
F shuttle photograph.

Cf interest in this figure is the extent of the fpropaya-
tion of gravity waves visible in the stratus soutk of the
squall line. Distinct wave patterns perperndicular tc the
line of thunderstorms, are plainiy visible (in the original
Gata) at a distance of more than 150 km from the rearest
cumulonimbus. As a mechanisa for triggering the development
of other thunderstoras, thunderstorm outflow bouandaries lLave
been the subject of much interest in the scientific corzu-
nity in the past few years. Could this outflow hLave the
pover to Loth create a stable 1layer for propagatiorn (the
meso-high discussed earlier) and then impel gravity waves to
travel aiong it for this distance?

In this last figure, all the signs of a classic c¢old-
frornt squall lire are illustrated. Cloud streets reacuaing
all the way from Culka attest to the strong low-level inflow
from the south, constantly resupplying aoisture to the
convective system. Cuprulus towers along the lack edye of the
line show tiat the low-level inflow slopes toward the back

i tuiidup in the line as well as that occurring in the strato-

of the line as it acves upward, Jdrawn into an explosively
unstaltle environment. Cirrus blowoff streaming west-
southwest points out the strong shear Letween upper ani
lovwer-level wind directions, while a small rim of cirrus
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stretching westvard completes the scenario of an updraft
sloping from east tc west, reaching the stable tropopause
and mushrooming out against tke predorinant wind flow at
that altitude.

F. CORCLUSION

The important factors that undernined the usefulrness of
these pLotographs were lack of recorded time of exposure,
lack of identifiatle 1land features and an inability to
deterxine camera angle relative to an Earth vertical axis.
Since tlkis mission (SIS 31-C), provision has been made for
times to be imprinted on each rolli of film as the ezposure
is made, but there has been no attempt to record carera
angle.

This case study concerned tke development of a sqguall
line, and succeeded in illustrating its mesoscale structure
from the intense low-level inflow to the cirrus blowoff. It
tended to confirm a concept concerning organized severe
thunderstorms that <specifies a tilting updraft, with the
Lighest corvective turrets occurrinj at the back of the
squall line. It also frovided a Jetailed look at very small-
scale vravity waves propagating along the stable stratus
layer at the base of the thunderstorms, and proviled aeas-
ured values for wavelength and horizontal extent.

Ccekpared to visitle and infrared satellite images, the
ghotographs provided far more detailed heiyht differences
between cloud layers, and yielded a useful estimate oI
overall height from cloud shadow nmeasurements. It alsc
provided clear images of cloud height and structure in cases
where infrared images were vague (e.3., in the case of thir
cirrus). Because very high resolution D¥SP images were not
available, comparisons with relatively low resoiation (2 and
2.7 ¥m) imayes resulted in a fpredictable advantage for the
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shuttle photographs. But even very high resolutioan meteoro-
logical satellite images do0 not have ¢these significant
advantages: oblique sensor angles, color imagary, and most
inportantly, human judgement.

Regardless of individual merits, none of the ameteorolo-
gical satellite images are able to give the details of
mesoscale thundersors dynamics as the shuttle photographs.
1s a teaching tool for mesoscale dynamics, the photograths
would Lte invaluable.
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IV. HUBRICANE KAMISY

A. TINTRODUCTION

In April 1984, Hurricane Kamisy broujat 110 kt winds to
the island of HMadagascar in the Indiaa Ocean. Kamisy's winds

- reacted a maximum of 135 kt in its mature stage, at which

point its spiraling outflow bands spanned nearly 1000 n mi.
For five days, covering a period from initial rapid develop-
ment to loss of hurricane status and final dissipation, the
Space Shuttle Challenger (SIS 41-C) orbited overhead,
providing an outstanding series of photographs of the life
and death of a hurricane.

Fig. 26 charts the shuttle's orbital path (moving from
left to right on the chart) and Kamisy's reposited rositions
at 12-Lour intervals, taken from warning positioas issuei by
the Joint Typhoon Warning Center (JTWC) at Guam. A list of
corresponding wind intensities is availalle in Table II.

Ihe eariiest availalble indication of Kamisy's inception
was from Tiros-N polar hemispheric mosaics (National Ocearic
and Atmospheric Admiaistratior, 1984). Cyclonic circulation,
organizing widespread convective activity, was evident on
the 0220 GMT, 4 April 1984 satellite image. By 3313 GMT on €
April, a Tropical Cyclone Warning had Lteen issued tky JTWC.
The 0€00 GHT warning position put Raaisy at 12.85, €5.0%
(@abcut 900 n mi east of the rorthern tip of Madagascar),
vith winds estimated at 65 kt, gusting to 30 kt. Movement
over the previous six hours was reported as 279 deg at 9 kt,
and the radius of 50 kt winds was estirat=d at 32 r mi.
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B. APRIL 7TH

The first usable views of the developing hurricane
(earlier photographs exist but they are either too obligque
or at too great a distance to be useful) given by the shut-
tle's cameras were taken at approximately 1157 GMT 7 April
1984, on the shuttle's 15th orbit. A Hasselblad camera with
a 100-an lens was used for Fig. 27, from an orbital position
slightly northeast of the stora. The shuttle's altitude on
orbits 1 to 16 wvas approximately 125 n mi (this increased
to 265 n ni after the 16th orb°t in order to <comrrlete the
Solar Max repair). By this time Kamisy had moved almost
directly west from its last wvarning poustion to 12.6S, ©58E.
Baximus winds had increased to 80 kt gusting to 100 kt, and
the radius of 50 kt winds kad increased to 70 n ai.

The eye in the phctograph 1is well developed and plainly
visible, alxost perfectly circular and approximately 9 ka
across (distance across the image is roughly 136 kma--see
Table I). There is a ring of convective turrets circling it
on three guadrants, with an ajpproximate diameter of 20 km.
s Beginning low in the southwest guadrant, the tarrets are
ﬁ large (diameter of 1 to 2 km) and widely spaced, becoming
progressively smalier and @more numerous in a counter-
clockwise direction. A thin, smooth cirrus layer is apparent
extending a short distance inward froam just Lelow the tops
of these turrets, masking the true position of the eyewall.

A series of waves appears to emanate concentrically from
. the eyewvall into the southeast quadrant, endinjy at a goint
- vhere they intersect with Kamisy's main outflow channel.
Scaling the distance from crest to crest against the known
distance across the isage gives a wavelength of approxi-

4 2

mateiy 3.4 km. This compares very closely vith measurezests
done ky Black (1977) on several tropical storms. He found
wavelenyths of 1.5 to 12.4 km, with a peak at 2.2 km. There
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also appears to be a wave p[pattern extending radially for
more than 30 km from the circle of convection surrounding
the eye. It occurs in the northwest guadrant and has an
approximate wavelength of 4.5 ka.

Structure and location of a hurricane's outflow ckannels
are controlling factors in their develoament or dissipation.
Whea the air rising in the eyewall reaches the strcngly
stable region at the tropopause, it is forced outward froa
the center, usually in one or two cyclonically curving jets.
Spinning in a cyclonic motion, conservatior of amgular
zomentun forces a rapid decrease in their cyclonic rotation
as the air moves away from the center of the storm. At scme
roint (usually around a radius of 300 km), they will acquire
an anticyclonic comgonent (Anthes, 1983). These curving
jets (tne outflow channels), control the rate of mass evacu-
ation frcm the top of the hurric.ne. By this mechanism they
can either enhance the updraft and cortribute to hurricane
intensification, or cap the wupdraft and cause the storm's
eventual dissipation. Orly traces of Kaaisy's extensive
outflow channels can ke seen in Fig. 27. To the north and
extending ocutward to the northwest 1is the @aain chLarnel,
vhile the second starts directly south of the eye, and
rapidly sweeps off to the southeast. This structure will
bPecome more apparent in 1later photograpks and satellite
images.

The only other convective activity apparent it this
rhotograph occurs aprroximately 55 ka nortaneastward from the
eye, ir the main outflow channel. Fiygy. 28 is another view
of the storm taken just seconds prior to Fig. 27, Lut with
a 250-mm lens. Distance across the image is just S54.5 knm
(see Table T), and in *his case the camera appears to be
positioned almost directly above the eye. This is supported
by tle crew's opinion that the shot was near vertical. There
are difficulties when attempting to pinpoint the position of
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the camera vertically above a feature on the ground, as
previously mentioned. Without precise timing of the photo-
graphs ard an indication of the camera angle relative to
vertical, this has to be relegated to the category of an
educated guess. If it is accepted for the moment that the
camera appears to Le directly over the eyve, it woull also
appear. that the eye is somewhat tilted to the west or south-
west. An interesting correlation is that the area of least
convection surrounding the eye occurs to the west, and, as
we shall see in the following photographs, retains that
orientation for the rest of its recorded existence. It
should be remembered that the direction of motion of the
storm at this time is also toward the west.

In Fig. 28, we car see the interior structure of the
eyevall itself. Huge scooping slices out of the cloud mass
of the eyewall attest to turbulent entrairment caused by the
downward rush of suksiding air throayh the center of the

v storm. And down to tle smallest cumulus buildups, every part

of the low-level inflow is cyclonically organized.

3lack (1977) documerted several instances of recorded
eyewall tilt, most notably in Skylab photography of
fdurricane Irah in the eastern Pacific Ocean on 24 September
1973. He concluded that tilts of 45 degrees are fairly
coamon, especially at altitudes above four kilometers. Irak
differed from Hurricane Ramisy in several important aspects.
Tirst, tie observed tilt reacked 45 dey on Irah's west side,
aLd ¥Yamisy's tilt is barely recognizaple. 3econd, the wall
cloud diameter for Irah was approximately 35 km at its top,
tapering down to approximately 15 km at its bkase. The tecp of
Kamisy's wall cloud had a diameter of less than 10 Kka.
Stili, there was one very important similarity: both eyes
tilted away from the region of most intense convection, and
it seems, towards the direction of motion.
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The issue concerning tilt in the vertical structure of a
tropical stora is an intriguing one. Anthes (1983) states
that the main driving force in tropical storm develcpment is
the release of latent heat in intense convection. It could
e argued that for a tropical storm to reach hurricane
intensity, a tilt is necessary for the same reasons given
for severe thunderstcrms: updrafts in competition with down-
drafts can only hamper intense convection, ard result in
storm dissipation. In the circular structure of a hurricane,
however, a tilt would enhance corvection on one side of the
circle (opposite the direction of tilt), and necessarily
discriminate against convection on the other (towards the
direction of tilt). There is some evidence of this structure
in Fig. 27.

¥inety-four min after orbit 15, at approximately 1330
1330 GMT, the shuttle nmade another pass over the Indiar
Ocean on orpit 16. Fig. 29 was taken with a 100-mm lens,
from a position aprroximately 600 n mi southeast of the
center of the hurricamne (see Fig. 26). It offers an obiigue
perspective that covers a much greater area than the pre-
ceeding rkotographs, facilitating comparison with other
sources of storm imagery.

The main structure of the storm is shrouded by a streaky
cirrus layer that graphically displays the upper-level
outflow pattern, but several otservations can still be made.
The ring pattern of overskooting convective turrets is wider
and Letter organized along the outflow lires, indicatiaj
continued development of the storm (Anthes, 1282). The area
of least cornvection is still predomiaantly to the west, in
line with the direction of novement. Visible berneath the
outer edges of the cirrus are mid-level cumulus clcuds,

impiyin¢ a significantly deep moisture layer and a very
unstalkle surrouniing environment. Clusters of thunderstoras
are visible on the periphery of the storm to the southeast




and northwest, and a broken pattern of shallow concentric
waves about the eye is still apparent. In another case study
: by 3lack (1977), simiiar vaves ranged from 3.0 to 4.2 km in
- wavelength, and occurred solely on the eastern semicircle.
‘ Assuming that their movements were also to the west, the

similarities would 1lead us to speculate upon a connection
. tetween intense convection, gravity waves and the direction
. of movement of tropical storms. The overall appearance of
- the storm canopy is that of a flattened dome, declining in
height at the outside edges in a series of wide, shallow
steps.

Fig. 30 is a 1205 GMNT 7 April 1984 blowup from an AVHRE
(Advanced Very High Resolution Radioameter) visible-1light
image provided by the NOAA-7 satellite. Data from the AVHRE
instrument are availalkle in both 1.1 km and 4 ka resolution,
in two orerational modes. Unfortunately, the 1.1 k& resolu-
imaje is not available <£for every location around the jlobe.

P A IR

. the globe. Eecause cf this restriction, in this chapter all
of the AVHR? images are of 4 km resolution.
The most striking difference between the suuttle photo-

Pt I e it ieir

graphs and tais figure is the homoger=ous look of the cloui
tops. Tlie central area of tlie storm appears smooth, with
littlie apparent difierence of cloud top heijht from the
center toc the periphery. Any indication of a rirng of ccnvec-
tior surrounding the eye is lost. Ornly the massive buildups
to the nortiwest and southeast within the outflow channels
are appareut by fairnt shadowing and cioud-top brightness
variations. i visual estimate oI how far these buildups
exceed the Leight of the surroundinj cioud 1liayer is impos-
sible. Any gravity waves emanating from the eye of the storm
! are also 1lost to the coarser resolution of the satellite,
: arnd the structure oi clouds withir the eye itself is pcorly
observed. It is fortunate that the hurricane was centered
irn the field of view in this image. Examination of thLe image
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X only several dey latitude away from the center show the main
b drawback to AVHRR imagery: a loss of resolution along both
) edges of the scan line. If the feature of interest is more
than a few deg froa center, the obliquity of the sensor
angle reduces resolution because of a fixed scar lire.
Fig. 31 is a D"SP ircfrared image of 2.7 km resolution.
Taken two hours later at 1405 GMT, it shows the same main
' features of Kamisy, Lut in a sharply degraded form. DMSP
. 0.3 ko resolution imagery, which should compare very favor-
ably with the shuttle photographs, vas not available for
this case study. One significant advantage DMSP has over
AVHRER is that it modifies itself along each scan 1lire to
give good resolution edge to edge. But in this example, oniy
infrared images were available for comparison, ani any
advantages DNSP enjoved compared to AVHRR were lost for this
reason.

¥ of SRS AEN

s 8
.

The large eye is still quite obvious, but indicated only
*y a smooth black circle of no apparent deptk. The outflow
channels to the rorth and south stiil show large cumulus M

Luildups, lut the tofrs are represented as featnreless white
tlobks. 7Tue keiyghts of various cloud layers remain cuestion-

e .

able: pamely, are the gray shades lower than the white, or
are they merely a result of thinner cloud layers that esit
IR poorly?

C. AFRIL 87H

Fig. 32 was taker at approximately 1128 GHT, 8 April
9 1984. The shuttle's 30th orbit passed norti of the stora,
ard this frame was taken as the spacecraft passed approii-
. mately 200 n mi to the northeast (see Fig. 2€). The eye was
i located at 12.8S, 52.0E at that time, about 100 r mi east

. of the northern tip of Malagascar. Maximum winds were listeil
' by JTRC as an estimated 100 kt gusting to 135 kt, and the
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radius of 50 kt winds vas essentially unchanged <£frosm the

previcus report.

The eye is still plainly visible, but appearing smaller
and less circular. 1A dense cirrus shield covers most of the
dome, signaling that Kamisy has reached its mature stage.
The overall shape is almost completely symmetrical, with
extensive outflow channels multiplying in nuamber to the
nortlL and south. On the western side, and extending to the
south, a line of Jeep convective activity oriented beside
the wmain outflow channel produces the only break in the
cirrus shield, with subsidence-induced <clearing visible on
toth sides of the line of thunderstorms. Every overshocting
top is precisely 1locatable, and if a stereophotograpkL had
teen made, the heigyhts of each one relative to the storm's
cirrus level would also have been known.

Only seconds earlier, a second camera with a 250-mm lens
recorded Tig. 33: a close-up look at the eye. The eyesall
appears to have "caved-in" towards the center, and the over-
skootiny turrets have disappeared. The oOblonj shape of the
eye measures approxiaately 23.4 km in the north-south direc-
tion, and 11.7 ke in the east-west direction. Only a faint .
trace of the radiating wave pattern seer in earlier photo-
grapks is left. The enlargement of the eye and its loss of
circular shape is confirmatior that the storm has reached
its mature stage and has Legun to dissipate.

The AVHERR visible imagye (Fig. 34) from 1153 GMT 8 april
1934 captures KRamisy on the edge of the image. The reader
should note: the reference 4 km resolution refers to an area
within a fewv deg 1latitude from the satellite sulbpoint. ¥hen
an interesting feature lies 7 or 3 deg 1latituile from this
this point, as it does here, imaje juality is degraced. Tron
this fiqure we are alile to 1locate the eye arnd identify some
larye cumulus buildurs near the outflow channel to the
soutlL, rut very 1little else can be jJleaned ajpart fror the
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overall size and share of the stora. #We are aided by the
grid proints for latitude and longitude, and the outliine of
nearby land masses to gain a sense of perspective, kut
comparison to the shuttle photograph is difficult.

The DMSF IR image from 0714 GMT (Fig. 35) is superior
in some respects. It does manage to indicate the depth and
structure of the eyewall, hinting at a tilted structure of
‘ very definite shape. Since this imaje was produced nearly
: five hours earlier than the others we have discussed, the
eyewall deterioration is not yet visible. Coarse resoclution
in the IR, however, makes deteraination of the difference
Ltetveen thunderstorm tops and the surroundirg cirrus very
difficult.

» D. AERIL 9TH

It was a full twenty-four hours later that the next
photogragh of Kamisy was taken. Fig. 36, taken on orbit 46
. on 9 April at 1239 GMT, shows Kamisy's dissipation. Four

large outflow bands can be identified, and their diffuse

structure testify to Kamisy's weakening state. The eye
f cannot be located. We must assume a position somewhere in
the center of the central dense overcast (CDO). This over-
cast is thke result cf o0ld convective clouds and patches of
layered clouds taking up the spaces between convective
apdrafts. Cirrus resrants (from the strong upward flux of
water that occurred when the intense convectior in tke
- central portion of the storam was at its azaxiaum intensity)
3 also tend to smooth out the observable cloud features
. (AntlLes, 1982) . Mcst traces of surroundiny convective
activity are losing defirition and orgjanization. Mid-level
clouds under the tain cirrus at the outside edges of the
storm are again visille, and show markedly less organizatiorn
and convective form than two days earlier ir Fiygy. 29. The

S
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astronaut's choice of an obligue angle and 100-mm 1lems
provided a comprehensive 1look at the structure of Kaaisy's
demise.

Tropical Cyclone Warning NRO6 from JTWC, Guam, confirms
this conclusion. Maximum sustaired winds had dropped to 85
kt from a peak of 110 kt the day before, and the radius of
50 kt winds kad decrease from 70 n mi to 30 n mi. The stora
made a brief land fall at the nortanern tip of Madagascar on
the 9th, and in the next twventy-four hours continued west
over the Nozambigue Channel.

Comparison of the 9 April shuttle photographs with AVHRR
ard DASE images follows a pattern similar to previous days:
AVERE losing detail on the edges, and DMSP fairing foorly
because of the lack of availability of a visible-light
imagye. TFig. 37 is an AVHRR visible-light image produced at
1322 GMT 9 April 15984, In it, Xamisy's ertire eastern Lalf
loses resolution as a consequence of beinyg too far from the
satellite's subpoint. Yet Lecause of the 1loss of image
quality caused by reproduacing the shuttle photographs, AVERR
in tiis instance apfpears to be comparible in jetail to tke
shuttle photograph in Fig. 36 .

Hcwever, dissipation of the storm is aprarent here too:
thke center of the storm has essentially the same appearance
as in thke shuttle photograph, but only by virtue of the lack
of definakle features occurrirng in the smooth CDO.
Convective turrets, ;iercing the smooth cirrus canopy, are
also visikle to the ncrth of the center, but individual tops
are tlurred, tending to merge several into a few bright
dots., ilov-cloud orientation below the cirrus in the
periphery of the storm is irpossible to define. Even the
existence of clouds not part of the upper-level circulation
is uot arparent in this imagje.

A comparable DMSP IR image is available from less than
two hours later than Fig. 37. Fig. 38 was taken at 1504 GMT,
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and again oifers far less detail than that from the NCAA-7
satellite. Location cf the center of the CDO for accurate
positioning of the storm becomes very difficult compared
to the other images because of the complete lack of apparent
depth depicted in the cirrus overcast. #hat may be a weak
eye is seen on the western side of the cloud mass. But vith
only this data, postulating the existence of massive cumulus
buildups northk of the center of the storm only could be
regarded as speculaticn.

For the next two days (10 and 11 april), there are no
shuttle photographs cf Hurricane Kamisy. From satellite
images and storm bulletins we find that the stora started to
redevelor once it 1left Madagascar for the waters of the
Mozamlijue Channel, and by the 11ta had started to turn
soutneast, tack towards the northeastern coast of
Madagascar.

E. APRIL 12TH

The next series c¢f photoyraphs came from orbits 92 and
53, on 12 Aprii. All three photographs appear to have beer
taker of Kamisy from a shuttle position either directly
overheald the storm or distinctly northwvard. Because the
photograghs bear 1little resemblance to the available D¥S?
and AVHRK images, a catalog of observations was consulted
(Nowakowski and Palmer, 1984). Kamisy was identified as the
sub ject of the photographs.

Investigation of the position of shuttle orbits and a
Tiros-F strip produced at 1245 GMT 12 April 1984 indicate
that the vortex is pot Kamisy, but a very large cyclone
positioned approximately at 30S, U0E. It was rot listed as a
develcping tropicali storm in warninygs published for the
period by JTWC. Apparently it never became severe enough to
attract attentior. The three photoyraphs (Figs. 39, 49 ani
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41) are included because they may be of some interest to
other researchers and because they are still an excellent
illustration of the value of high-resolution photography
from space.

Fig. 39 was taken with a 250-mm lens on orbit 92 at
approximately 1330 GMT 12 April 1984, and offers ar obligue
view of the storm. The shuttle's position appears to be to
the northeast. The cther two photographs were taken on the
next orbit (orkit 93) at approximately 1510 GMT, when the
stuttle passed almost directly over the cernter of the stornm.
Fig. 40 wvas also a groduct of a 250-am lens, but here it
provides a close-up view of the center. There is ro distinp-
guishatle eye in either of the photographs, but a very
distinct center of low-level cyclonic motion. Directly east
of the center at a distance of approximately 60 . mi, a
massive convective turret is visible, with waves radiating
concentrically from its center in a manner similar to those
emanating from Kamisy's eyewall. To the south and souatheast

£ the center of the storm, gravity vaves of ar extremely

short wavelength (less than 1 km) radiate in a pattern seem-
ingly unrelated to the center of the storm. In one case taey
appear to extend alcng the main flow 1lines (directly south
of the center), and in another they form perpendicular to
the flow (southeast of the center). The origin cf tLese
waves is not easily deduced.

As thke shuttle moved away fron the stor:a to the east,
one iast rLotograph was made, this time with a SO-mm lens
that allows us to put the storm into perspective witl the
surroundirg circulation. The wide-angle lens lacks the reso-
lution cf the 100-mm and 250-mm lenses, and as a result the
fine detail in the center of the storm and the yravity wave
patterns disappear, leaving only relatively large-~scale
features visible. But even here, the height Jdifference
Letween various layers of clouds is distinct, and identi-
fying cloud types and their distribution is positive.
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F. COECLUSION

The advantages of higher-resolution photography <irom
space are well-illustrated in this case history. The ease of
locating particular small-scale features, and the accuracy
of making height estimates relative ¢to other cloud struc-
tures is of particular benefit. Small-scale features such as
gravity wvaves, hurricane eyevwall features, individual
cuaulus turrets, stratiform cloud configuration, and precise
information of the location and condition of the eye itself,
not only give information about tropical storm dynamics in
the mesoscale, but in some cases defire the large-scale
circulation to a degree beyond our current ability.

Several similarities to Black's (1977) results were
noted. The structure of the semi-circle of intense convec-
tion surrounding the eye, and its relationship to eyewall
tilt were of primary interest. The recorded gravity waves,
propagating across tke top of Kamisy's stable cirrus dome,
conform almost exactly to those seer ir several of his case
studies in both wavelength ard orientation. #hat was not
observed was any 1indication of a large circular convective
cloud feature, but this may have been Gue to the large
temporal spacing of the photographs.

For tke teacher, it is a superb set of nearly tkree-
dimensional 1illustrations of developing and dissipating
tropical storms. Por the researcher, it adds to the avail-
acie data concerning eyewall tilt, and provides aeasuralle
length and heigyht scales of mesoscale tropical cyclone
structure., For the fcrecaster, it would be invaluakie for
post-storm analysis and forecaster training. Beyond ilius-
trating eye formaticn and collapse over the lifetime of »
tropical storm, and beyond providing exact eye location even
vien the storm is covered in dense cirrus overcast, these
pictares prcvide a total picture of the storm in which the
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entire structure is visible, allowing the forecasters to
retter interpret the subtleties of DMSP and AVHRR imayges.
Also, were tlhese photographs to be made available ir stereo-
pairs, individual cloud formations could bLe isolated to
coamon levels., Combined with continuous satellite coverage
of the &rovement of these cloud features, the large-scale
wind pattern could be precisely defined. This has been
acknowledged to be a vital piece of information for hurri-
cane forecasters (Anthes, 1982).
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V. IHE BHAUNA LOA VOLCANO

A. INTRODUCTION

On 2% March 1984, Mauna Loa, the world's largest active
volcano, erupted with its biggest lava outpouring in nearly
35 years. According to the New York Times published on that
date, eruptions consisted of a curtain of flame reaching
aporoximately 150 £t high (observatiors were made by members
of the United States Geological Survey's Volcano
Observatory), and continued for twenty-two days. On March
30, the Times reported that a second volcano less than 20 mi
away had joined Mauna Loa. Witk fountains of lava generally
less than 100 £t high, Kilauea's eruption spouted from a
250-It-high cinder ccne that had been building for several
days. PRadical weather changes were soor noted. The immense
heat, along with cofpious amounts of saoke and volcanic 3just
injected 1irto the atmosphere, resulted 1in unseasorable
thunder, lightning and even snow.

The 13,677-ft-high Mauna lLoa 1is located on the island
of dawaii (see Fig. 42), the 1largest island in the state.
Kilauea is at the 4000-ft-level on the southeast slope of

Mauna loa. Althoujgh both eruptions were minor imn size
compared to previous events, the large amount of dust and
smoke introduced into the atmosphere during their twenty-two

days of activity will serve well to illustrate a unigue
value of shuttle photography.

B. MEASUREMENTS

By Aprii 12, Mauna Loa had been in continuous erugtion
for nineteer days; Kilauea for fourteen. 3y then, the Space
Shuttle Chalilenger had photographed Hdawaii three times: or
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orbits 21, 37 and 96. The photographs in PFigs. 43, 44 and
45 reveal evidence not only of the expected volcaric smoke
plumes, but also of a dense fpall of smoke (and to a lesser
amount volcanic dust) steadily accumulating in the lee of
the island.

Qualitative measurements of this dense aerosol cloud
conceivakly could be of interest to meteorologists in
several fields. Air pollution meteorologists could coampare
the spatial and temporal scope of this natural manifestation
to manmade pollution in many parts of the world. Satellite
meteorologists could compare variances of satellite-detected
upwelling radiance from clear areas and those contamirated
by the voicanic aerocsols. Bounjary-la jer meteorologists
could determine how atmosphkeric turbidity measurements are
affected ty unusually high levels of aerosols.

But common to all of these scierntists' goals is the need
for accurate measurment of the amount (deasity) of the aero-
sols rresent in the area being studied. It is here that the
increased resolution of photography from space shows its
valuae.

Jeterniration of aerosol amounts from space by two
common umeans--contrast reduction calculations and trightness
mecasurements--are facilitated by space shuttle photcgjraphy.
As explained by Kaufmar (1979), reduction of contrast due
to atmospheric extinction is a function of aerossol amounts,
and can be represented in its simplest form by the follcwing
definitions:

C

(I(1)-I(2))/1(2) = contrast between
surface (1) aad surface (2).

C (a)
C (1)

A

apparent ccntrast (as seen from space).

inherent corntrast (as seen near tle object).
C(a) /C(i) = change of contrast due to

atmospheric influences.
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C{(a) measureaents are highly sensitive to the placement
of the bcundary between I(1) and I (2). Since the shuttle
photograrhs serve to more clearly establish the location of

boundaries (such as the coastline boundary between lanc
areas onh open ocean), often even through Jdense haze or
smoke, it can contribute significantly to the accuracy of
the contrast reduction calculations.

3rightness measurements have been used to calculate
atmospheric turbidity (aerosol optical depth) in several
studies (Norton, et al, 1982; dering, 1981; Koepke and
Quenzel, 197%) . A limiting factor to accuracy common to all
of these works is the inability to properly identify small
cumulus in the subject area (brightness values for an area
contaminated with the inclusion of highly reflective clouds
would necessarily be biased towards higher values). in a
study of the optical thickness of Saharan dust by Norton, et
al (1982), the problem is explained; "...a more serious
problem is distinguishing between clouds and dust.... Here
there may le srmall clouds (primarily trade cumulus) which do
not f£fill tle sensor's field of view or thin clouds of
optical thickness comgarable with that of dust."

In general, the mreasurement of turbidity is straightfor-
ward. However, the judjement of a meteorologist is needed
when selecting a répresentative digital count. The presence
of small clouds, and thin «clouds like «cirrus, must be
jetected. It is here that the higher resolution of the space
shuttle's photography would prove a distinct aivantage over
commonly-used sensors of 1 or 2 km resolution. In many
cases, small cumulus on the order of hundreds of meters
would be individually Jefinatle, and thin cirrus cuite
visible. This is vital for the next step: digital counts
are selected from aprarently cloud-free areas of at least 15
lines and elenments. A representative digital count is tkhen
selected from a frequency distribution of dijital counts for
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the selected area. Because of the possibility of cloud
contamination and inherent pnoise characteristics of the

data, schemes for picking the best digital count from the
histogram must be evaluated for the most consistent results.
A computer then converts the selected digitai count to a
value of turbidity. (Norton, et al, 1982)

C. CCRClUSION

The increased spatial resolution of shuttle photograrhy
not only helps the olserver to eliminate areas contaminated
by small ciouds that may not be visible to other sensors,
but provides a greater number of data points for determina-
tion orf trightness variations across a given area.

High-resolution photography from the space shuttie can

l e of great value to any study of 'aerosol concentrations,
ﬁ whether influenced bty wman (brush fires, burning of fossil
fuels, contrails, ship trails), or natural (dast generated
i ) Ly wind, naturally induced forest fires, marine areosol,
: smoke generated Ly volcanic activity). As Jdemonstratel by
Eanderson (1977), air pollution studies, estimates of

5
S
h
- thermal enerygy release in a volcano cortrail gereratior, and
i horizontal and vertical eddy diffusivity are tut a few of
8 the specific uses of this resource.




VI. CONCLUSIONS / RECOMMENDATIONS

A. CONC1USIONS

In the three case studies presented here, examination of
mesoscale features made visible by higk-resoluticn phctog-
raphy frem space has provided informatior on new and unusual
pheromena, and brought additional insight to tke well-krnown.
Meteorological satellite images, vhile certaialy not
replaced by this photography, can be supplemented by it to
refine present analysis techniques and more fully understand
the small-scale dynamics of the features urnder olservation.

For the teacher, it has provided a coakbination of
obligue views and extreme detail that can take the student
far kteyond line drawings and into arL understanding of real-
world weatker systems. In Chapter 3, photograpks of the
squall line in the Gulf of Mexico beautifully illustrate the
htighk-speed low-level inflow, the tilted vertical structure,
tte uprer-level outflow pattern and tne surface effects of
thunderstorm outilow that take place in thousanis of severe
thunderstorm outbreaks every year.

For thke forecaster, it has proved the worth of extremrely
high-resolutior imaging not only for precisely 1lccating
storm features (vital to hurricane forecasts), bat for
recognizing the current state of those features (e.g.
eyewall size arnd shape). Tt has also served to introduace the
possibility of other controlling <factors in hurricane move-
ment (regions of intense convection and eyewall tilt), or at
least the nead to lock into this area further. Anéd ia combi-
nation with continuous satellite coverage, the ability to
map the large-scale wind field around storm systems becomes
a practical analysis tool. 0f course, no real-time data
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_ would be availatle. These products would be valuakle only
: for post-storm analysis and forecaster traininy. Yet this
could prove the desirability of adding continuous high-
resoluticn imagery to the forecaster's set of tools.

But it is for those in meteorological research that this

program holds the most promise. Shuttle photography irntro-
duces precise Leight and length scales for such spall-scale
phenomera as gravity waves, overshooting convective turrets,
shallcw cumulus cloud streets and volcanic smoke plumes.

LI I

More precise aerosol measurement is made possible by elimi-
. nating areas contaminated with small clouds other sensors
' can't accurately shcw, and by aore precisely positiorning
; contrasting area foundaries in adverse conditions.
Refinements to cloud height estimates made from infrared
images can ke made by the use of stereophotography, as weli
as final determinaticn of height and structure of anoaalous
jray shades. Ir short, it fulfills one of the prime regquire-
aents in a reasearcher's work: greater accuracy.

. B. RECONNEEDATIONS

Improvement of the space shuttle photograpky prograa can
e aprroached from twc sides. The first is making it easier
for the astronauts to get good pictures. The seconl is
A making it easier for scientists on the ground to precisely
3 lefine orientation of the camera relative to the ground and
. to cdetermine the ground area covered by each photoyrarh.

The astronauts currently manipulate several pieces of
. Fhotograpkic equipment in a space-limited cockpit, and try
to take pictures through a small window that imfposes a
limited Zield of view. At low altitudes (e.g. 225 km) the
observation time availakble of a feature on the ground is
only roughly 5 to 20 sec (Terry, 1979). Further, the possi-
bility of reflections of the 1lighted cabin appearirg in the
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photographs has been confirmed with several mission's worth

of phctographic data. One recommendation is to move the
cameras to a gimballed pod in the cargo '‘bay that can be
remotely controlled by the astronauts in the cockpit. Aiming
and triggering the exposures could be accomplished by refer-
ence to a television screen inside the cabin, connected to a
televisior camera attached to the pod. The television camera
could be oriented and adjusted to give the same image in the
cabin that the cameras would see for their exposures.

Remote control offers the possibility of ground ccntrol
of the photographic process while the astronauts are otaer-
wise occupied. This is important because if a potertial
photograph is missed because of the 1imposition of ctker
Juties, simply waiting for the next orbit can not recreate
the photographic opporturity. The shuttle moves approxi-
mately 23 deg farther west (at the eguator) on every orbit.
Nearly twenty-four hours must elapse before the shuttile is
nearly (not exactly) over the same position. In additica to
the sliyht change c¢f position, few atmospheric features
would remain unchanged over the twenty-Zour hours it woull
take for the shuttle to return. The option of a clock-
controlled time sequence should also be available, as well
as a precisely-timed (+/- 0.1 sec) automatic exposure
interval to facilitate siereophotoaraphy.

Of tenefit to analysts on tke yground would be the addi-
tion ¢f a recording device that would not only record the
time of each exposure (as is currently dore), but alsc the
angle of the camera relative to the shuttle's vertical axis.
A computer program would then be devised to compare the
shuttle's attitude tc an earth vertical axis, and tke angle
of the camera to the Earth's surface could be resoived.
Thkis, 1in combination with a knowledge of orbital path and
precise time of exposure, would make possible the creatiorn
of latitude-longitude grid overlays £or any photograpkh
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worthy of study, and would finally resolve any guestions
produced by observations of cloud structure.

) ‘ Finally, quality cf the photographs would be enhanced by
o ) removing the cause of photographic reflections ard by making
J it easier for the astronauts to locate and recognize
. features of scientific interest. It aight even be possible
. to add a video display of shuttle movement over proaiaent
- land features +to aid the astronauts in gaining a physical

5 orientation for the features they are okserving through the
’ windows and on the screen. As mentioned by Terry (197S) in

comments upon the Apcllo-Soyuz mission: wunder less-than-
optimal conditions, sometimes it is a choice of an astronaut
- either seeing the feature or taking a picture, ard losing
the benefit of one or the other by that decision. Utilizing
these recoamendations, both should be possible at all times.
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ARPPENDIX A
TABLES

TABLE I
Mission Data for STS 41-C

Launch: 6 April 1984, 8:58 a.m. EST .
from Kennedy Space Center, rlorida
landing: 13 April 1984, 8:38 a.m. EST _ . .
at Edwards Air Force Base, California
Crbits: 107

Vehicle: Challenger (0V-099)
Altitude: 269 n mi .
(Photoyraphs taken_on orbits 1 through 16
are irCm an altitude of approximately
125 n mi.)
Inclination: 28.5 degrees
Crew: Conmander, Capt. Robert L. Crippen, USN
Pilot, Mr. Francis R. Scobee
liission Specialists
Mr. Terry J. Har

t
Dr. Georde D. Nelson
Dr. JamesS D. van Hoften

Groand Coverage: 2E6.8 x 586.8 km (50-mm lens)
(Orbits 1-16) (272.7 x 272.7 km)
292.4 x 233.4 knm 100-nm lens
(136.3 x 136.3 knm) ( )
117.4 x 117.4 km (250-anm lens)
(4.5 x 54.5 kn)
Grour.d nesoiution: Z13.8 m (50-aa lens)
(Orbits 1-16) (59.3 m)
106.9 n (100-mm lens)
(99.3 m)
4z2.7 = (250-am lens)
(15.9 n)




TABLE II
Hurricane Kamisy, 7-13 April 1984

DATZ/TIME (GHI) ECSITION MAX WINDS (kt)
06/0600 12.85, 65.0E 65 G800 (G = maximum gusts)
07,0600 12.25, 59.6E 80 G100
0771800 13.0S, 56.0% 95 6115
08/0600 13.05, 52.9E 110 G135
ng8/1800 12.85, S51.8E 100 6125
09,0600 12.55, 48.9F 90 G110
02/1800 13.15, 46.5E 85 G105
10/0€00 13.05, 46.3E 75 G690
10/1800 13.35, 44.7E 30 G100
11/0€00 14.8S, 45.3Z 80 51090
1171800 15.25, 45.4% 80 G109
1270600 16.25, 47.2E 60 G80
12/1300 16.5s, 47.2% 50 G65
13/C€00 18.0S, 51.2E 40 G590
13/1800 19.0s, 50.7E 35 GuU5
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ARPENDIX 3
PIGURES
PRISM
/ VIEWFINDER
a \ FOCUSING RING
\ DIAPHRAGM RING
\ V /
MANUAL FILM ) SHUTTER SPEED RING
ADVANCE Q) )
O 12/
FILM ADVANCE A .
INDICATOR -
‘ -
FILM MAGAZINE r' Z ﬁ .
REMOTE O)\ " _ LENS
CONNECTOR \> .
MODE SELECTOR > SHUTTER RELEASE BUTTON

Fig. 1 :
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NASA-modified Basseiﬁégd 500 EL/¥ Camera
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STS 41-C Orbits 46, 47, and 48

Over the Gulf of Mexico.
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